Arch Virol (2003) 148: 1925-1941 :
DOI 10.1007/s00705-003-0147-0 Archives of

Virology

Printed in Austria

Variability and transmission by Aphis glycines
of North American and Asian Soybean mosaic virus isolates

L. L. Domier!-2, I J. Latorre!, T. A. Steinlage', N. McCoppin'-2,
and G. L. Hartman'-2

! Department of Crop Sciences, University of Illinois at Urbana/Champaign,
Urbana, Illinois, U.S.A.
2United States Department of Agriculture—Agricultural Research Service,
University of Illinois at Urbana/Champaign, Urbana, Illinois, U.S.A.

Received March 20, 2002; accepted May 14, 2003
Published online July 29, 2003 (© Springer-Verlag 2003

Summary. The variability of North American and Asian strains and isolates of
Soybean mosaic virus was investigated. First, polymerase chain reaction (PCR)
products representing the coat protein (CP)-coding regions of 38 SMVs were
analyzed for restriction fragment length polymorphisms (RFLP). Second, the
nucleotide and predicted amino acid sequence variability of the P1-coding region
of 18 SMVs and the helper component/protease (HC/Pro) and CP-coding regions
of 25 SMVs were assessed. The CP nucleotide and predicted amino acid sequences
were the most similar and predicted phylogenetic relationships similar to those
obtained from RFLP analysis. Neither RFLP nor sequence analyses of the CP-
coding regions grouped the SMVs by geographical origin. The P1 and HC/Pro
sequences were more variable and separated the North American and Asian SMV
isolates into two groups similar to previously reported differences in pathogenic
diversity of the two sets of SMV isolates. The P1 region was the most informative
of the three regions analyzed. To assess the biological relevance of the sequence
differences in the HC/Pro and CP coding regions, the transmissibility of 14 SMV
isolates by Aphis glycines was tested. All field isolates of SMV were transmitted
efficiently by A. glycines, but the laboratory isolates analyzed were transmitted
poorly. The amino acid sequences from most, but not all, of the poorly transmitted
isolates contained mutations in the aphid transmission-associated DAG and/or
KLSC amino acid sequence motifs of CP and HC/Pro, respectively.

Introduction

Soybean mosaic virus (SMV), a member of the genus Potyvirus in the family
Potyviridae [4], causes major diseases of soybean (Glycine max [L.] Merr) that
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reduce soybean yields from 8 to 35% and occurs in virtually all soybean production
areas of the world [20]. SMV particles are flexuous filaments, approximately
750 nm long and 15 to 18 nm in diameter that are composed of a 9.6-kb single-
stranded positive-sense RNA molecule associated with a 29.9-kDa coat protein
(CP) [20]. The CP-coding and complete genomic nucleotide sequences have been
determined for several SMV isolates [10, 15, 25, 26, 37].

SMV isolates can produce very different symptoms on soybean plants. Con-
sequently, SMV isolates were first discriminated based on symptoms produced
on a differential set of soybean lines, which defined SMV strains G1 through
G7 [8]. SMV strains C14 [36] and G7a [9] were added subsequently to describe
isolates that differed from the type strains in symptoms on the differential set of
soybean lines. Strains G8 through G11 [67] were added to describe the wider
diversity in pathogenicity of isolates present in China. At least four soybean genes
have been reported to confer resistance to different strains of SMV [7, 28, 36].
SMYV isolates also have been grouped on the basis of vector transmission [38],
antigenic properties [18, 19], tryptic peptide profiles [24], and restriction enzyme
polymorphism (RFLP) analysis of reverse transcriptase-polymerase chain reac-
tion (RT-PCR) products [44].

SMV is transmitted efficiently through seed and by aphids of at least 32 species
in a nonpersistent manner [20]. Prior to the identification of Aphis glycines in
2000, no aphid species that colonized soybean were known in North America.
The introduction of A. glycines, which transmits SM'V and several other soybean-
infecting viruses [11, 21, 64], has the potential to greatly increase the incidence of
viruses that are persistently or nonpersistently transmitted by aphids. Two primary
determinants of aphid transmission of potyviruses, the helper component protease
(HC/Pro) and CP, have been identified and their interactions with aphid stylets
and each other has been studied extensively [46]. HC/Pro functions as a bridge
between aphid stylets and virus particles. The cysteine-rich amino acid terminus
of HC/Pro interacts with aphid stylets through a conserved amino acid motif
(KITC) [6] and with the DAG motif in the CP through a second conserved amino
acid sequence (PTK). The DAG amino acid motif is exposed on the surface of
virions and has been associated with aphid transmissibility of several potyviruses
[2, 45, 48]. While some variability is tolerated in the KITC and DAG motifs, the
PTK motif is retained in all aphid transmissible potyviruses [46]. Unrelated to its
functions in aphid transmission, HC/Pro also plays a major role in suppression of
post-transcriptional gene silencing in infected plants [56].

Within the family Potyviridae, nucleotide and amino acid sequences of CP
genes have been used to assess phylogenetic relationships between species [3, 65].
However, because CP sequences are highly conserved among members of the
Potyviridae and represent only about 8% of the genome, CP regions often do
not contain sufficient diversity to differentiate closely related isolates of the same
virus species. Therefore, other regions of potyvirus genomes have been evaluated
phylogenetically, including noncoding regions [41, 60] and regions encoding,
the amino-terminal region of the polyprotein (P1) [1, 34], HC/Pro [1, 60], nu-
clear inclusion b [1, 62], and cytoplasmic inclusion [33]. HC/Pro proteins are
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multifunctional with variable amino termini and well conserved carboxyl termini
[48]. P1 proteins possess protease activities [61] and are the most variable and
phylogenetically informative region of potyvirus genomes [50].

In this study, the genetic relatedness and molecular variability of SMV iso-
lates from North America and Asia were assessed by examining nucleotide and
predicted amino acid sequence data from three genomic regions, P1, HC/Pro, and
CP. In addition, the transmissibility by A. glycines of a subset of the isolates was
assessed.

Methods

Virus isolates and strains

A total of 38 SMV strains and isolates were used in this study (Table 1). SMV strains
Gl, G2, G3, G6, and G7 were provided by Dr. J. Hill (Iowa State University, Ames, 1A);
G5 (PV-573) was obtained from American Type Culture Collection (Manassas, VA); and
G7a and G7F were obtained from original cultures of Cho and Goodman [8], stored at the
University of Illinois at Urbana-Champaign. The strain designations of G1, G2, G3, G5, G6,
G7, G7a and G7F were not confirmed on differential hosts for these studies. Other previously
uncharacterized North American SMV isolates were obtained from the University of Illinois
South Farms, and Virginia (provided by Dr. S. A. Tolin, Virginia Polytechnic Institute and
State University, Blacksburg, VA). Asian SMV isolates were obtained from soybean seed
from central and northwestern China and Korea (provided by R. L. Nelson, USDA Soy-
bean Germplasm Collection, Urbana, IL). Asian SMV isolates were named for the province

Table 1. Soybean mosaic virus isolates

Designation Origin Source GenBank
Gl [linois/USA John Hill AHO008451
G2 Mlinois/USA John Hill 542280
G3 linois/USA John Hill AHO008452
G5 linois/USA ATCC AHO008453
G6 Ilinois/USA John Hill AHO008454
G7 [linois/USA John Hill AF241739
GT7a [llinois/USA ATCC AHO008455
G7F Mlinois/USA UIuC AHO008456
Chl China germplasm

Ch2 China germplasm

Ch3 China germplasm

Ch4 China germplasm

ChF Fujian/China germplasm

ChGsl Gansu/China germplasm AH008404
ChGs2 Gansu/China germplasm AH008402
ChGs3 Gansu/China germplasm AH008447
ChGs4 Gansu/China germplasm

ChGs5 Gansu/China germplasm

ChGs6 Gansu/China germplasm

ChGs7 Gansu/China germplasm

(continued)
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Table 1 (continued)

Designation Origin Source GenBank
ChH1 Hebei/China germplasm AHO008448
ChH2 Hebei/China germplasm AHO008403
ChH3 Hebei/China germplasm

ChJ Jiangsu/China germplasm AHO008449
ChN Ningxia/China germplasm

ChS1 Shanxi/China germplasm AHO008450
ChS2 Shanxi/China germplasm

ChS3 Shanxi/China germplasm

ChS4 Shanxi/China germplasm

ChS5 Shanxi/China germplasm

IL1 Illinois/USA field collection AHO008458
IL2 Illinois/USA field collection

IL3 Illinois/USA field collection

L4 Mlinois/USA field collection

ILS Mlinois/USA field collection

413 Illinois/USA field collection AHO012606
452 Illinois/USA field collection AHO012607
746 Ilinois/USA field collection AHO012608
770 Illinois/USA field collection AHO012609
1071 Mlinois/USA field collection AHO012604
1083 Mlinois/USA field collection AHO012605
SK South Korea germplasm

VALl Virginia/USA Sue Tolin AHO008457
VA2 Virginia/USA Sue Tolin AHO008459
VA3 Virginia/USA Sue Tolin

VA4 Virginia/USA Sue Tolin

from which the soybean seed originated. All laboratory isolates were maintained by mechan-
ical inoculation in G. max var. Williams 82.

Enzyme-linked immunosorbent assay

All SMV infections were confirmed by double antibody sandwich enzyme-linked immunosor-
bent assay (DAS-ELISA) in Immulon U microtiter plates (Dynex Technologies, Chantilly,
VA) using SMV polyclonal antibodies (Agdia, Elkhart, IN) according to the supplier’s recom-
mendations. Optical densities were determined at 405 nm with a Dynex MRX automated plate
reader. Samples were considered infected when the absorbance was greater than twice the
mean absorbance value of sap from greenhouse-grown healthy soybean leaves. Extracts from
greenhouse-grown soybean leaves infected with SMV-G7a were used as positive controls.

Reverse transcription polymerase chain reaction

Total RNA was extracted from approximately 0.3 grams of soybean tissue using Trizol regent
(Invitrogen, Carlsbad, CA), precipitated, and resuspended in 100 il 10 mM Tris-HCI (pH
7.4), 1 mM EDTA. In aphid transmission studies, leaf samples were taken from the plants
used as transmission sources. Oligonucleotide primers used to amplify the three genomic
regions of the SMV isolates were derived from the SMV G2 genomic sequence [26]. P1-
coding regions were amplified with primers corresponding to nt 62-88 and complementary
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to nt 1045-1067. HC/Pro-coding regions were amplified in two segments using primers
corresponding to nt 1057-1074 and complementary to nt 1671-1691 and corresponding to
nt 1536-1561 and complementary to nt 2425-2450. CP-coding regions were amplified using
primers corresponding 8451-8474 and complementary to nt 9355-9378. First-strand cDNA
was synthesized by mixing 1.5 pl total extracted nucleic acid, 8.3 j.1 water and 6.6 pmol of a
region specific 3’ primer, and incubating the samples at 97 °C for 5 min, and 40 °C for 10 min.
Samples were chilled immediately for 5 min after which 5 .l of 250 mM Tris-HCI (pH 8.3),
375 mM KCI, 15 mM MgCl,, 50 mM DTT, 5 nl 10 mM dNTPs, 2.511 0.1 M DTT, and 100
units moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI) were
added and the samples were incubated at 40 °C for 1 h. Distilled water (20 1) was then added
and the samples were heated to 100 °C for 10 min. Amplification mixtures consisted of 5 i1 of
c¢DNA, 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 2.5 mM MgCl,, 6 pmol
of each primer 300 WM dNTPs and 1 unit 7ag DNA polymerase in a total volume of 25 1.
The samples were subjected to 30 cycles of 95°C (45s), 54 °C (1 min), and 72 °C (1 min)
and then stored at 4 °C. PCR products were resolved on 0.8% agarose gels [53]. Infection
with SMV was confirmed by the presence of a 929-bp band corresponding to the amplified
CP-coding fragment.

RFLP analysis

Nine restriction enzymes, Alwl, Avall, Bfal, Ddel, Haelll, Nialll, Rsal, Sau961, and Tagl, were
used to generate restriction maps of the 929-bp CP DNA fragments that were amplified from
38 SMV strains and isolates. Restriction enzyme digestions were conducted as recommended
by the enzyme suppliers in 20 1 and contained 8 to 10 .l of PCR products. The digestions
were analyzed on 2% agarose gels.

Nucleotide sequence analysis

The nucleotide sequences of the P1-coding region were determined for 18 isolates, the 5
half and complete sequence of HC/Pro-coding region was determined for 11 and 14 isolates,
respectively. The sequence of the CP-coding region was determined for 25 isolates. Prior to
nucleotide sequence analysis, PCR products were purified using PCR purification kit (Qiagen,
Valencia, CA). Sequences were determined directly from the PCR products using Prism Big
Dye Terminator Cycle Sequencing Ready Reaction Kits (Perkin Elmer, Foster City, CA). All
PCR products were sequenced with the primers used to amplify the fragments. In addition,
P1 fragments were sequenced with primers corresponding and complementary to nt positions
471-494 and 610-634, respectively; HC/Pro fragments were sequenced with primers corre-
sponding and complementary to nt positions 2031-2051 and 1940-1960, respectively; and
CP fragments were sequenced with primers corresponding and complementary to nt positions
8724-8746 and 8925-8945, respectively.

Phylogenetic analysis

Nucleotide sequences were edited using Sequencher 4.0 (Gene Codes, Ann Arbor, MI),
translated, and both nucleotide and amino acid sequences were aligned using CLUSTALX
[59]. Pair-wise distance and percent identity matrices for each region were calculated using
GeneDoc [43]. Phylogenetic relationships between isolates were deduced using the neighbor-
joining and parsimony methods in PAUP ver 4.0B8 (Sinauer Associates, Sunderland, MA).
Because the topologies of the two sets of trees were similar, only neighbor-joining results
are presented. The rates of synonymous and nonsynonymous substitutions were calculated as
described by Korber [32] using the SNAP server at http://www.hiv.lanl.gov
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Aphid transmission

Aphids, A. glycines, were reared in controlled environment chambers on G. max var. Williams
82. Alate aphids were collected and starved for at least 30 min before being given 2 min access
feeds on leaf tissue infected with eight laboratory SMV isolates G1, G2, G3, G5, G6, G7,
G7a, and G7F, and six field SMV isolates 413, 452, 746, 770, 1071, and 1083. The laboratory
isolates were maintained by mechanical inoculation, while the field isolates were maintained
by transmission with A. glycines. For each virus, five aphids were transferred to each of 10
soybean seedlings and allowed to feed for at least 24 h before being fumigated with Vapona
(Shell, Houston, TX). Inoculated plants were maintained in a greenhouse for four weeks and
assayed for SMV infection by DAS-ELISA. The experiment was conducted three times.

Results
RFLP analysis of the CP region

Amplification of the CP-coding region of 38 SMV isolates produced cDNA
fragments of 926 bp. Of the nine restriction enzymes analyzed, five (Alwl, Avall,
Haelll, Rsal, and Tagl) produced informative banding patterns (Fig. 1A). Restric-
tion maps were constructed for each enzyme for each isolate and used to generate a
phylogram for the 38 isolates (Fig. 1B). This assay also identified four samples that
contained more than one virus isolate (e.g., Fig. 1A, lane 3). The phylogenetic
analysis of the presence and absence of restriction enzyme sites produced five
groups. Group 1 (Fig. 1B) contained only Asian SMV isolates. Groups 4 and 5
contained only North American isolates. Groups 2 and 3 contained both North
American and Asian isolates. Based on the groupings from the RFLP analysis,
representatives from each group were selected for nucleotide sequence analyses
of the P1, HC/Pro and CP-encoding regions.

Sequence and phylogenetic analyses of P1, CP,
and HC/Pro-encoding regions

The CP nucleotide sequences were determined from 25 SMV isolates and com-
pared to those of previously published DNA sequences (Table 1). These alignments
showed that the CP nucleotide and amino acid sequences of the SMV isolates
shared 91 to 99% and 95 to 100% sequence identity, respectively. The levels of
sequence identity in the nucleotide and predicted amino acid sequences of the
HC/Pro and P1 regions were lower than those for the CP region and separated
the SMV isolates into two broad groups according to their geographical origin.
The HC/Pro nucleotide sequences of North American SMV isolates were 94 to
98% identical to each other, but shared only 87 to 91% identity with Asian isolates.
Among the Asian SMV isolates the HC/Pro nucleotide sequences were 87 to 91%
identical. The P1 sequences were the most variable. The P1 nucleotide sequences
of North American SMV isolates were 93 to 99% identical to each other, but
shared only 84 to 88% identity with Asian isolates. A wide divergence was also
seen within the Asian SMV isolates with sequence identities ranging from 85 to
98%.
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Fig. 1. RFLP analysis of PCR-amplified coat protein regions from 38 SMV isolates. A The
banding patterns following digestion eight SMV isolates (G1, G3, G4, ChJ, Chl, ChH2,
ChH3, and IL4) with Rsal and two isolates (G3 and G4) with Ddel are shown with 1-kd DNA
size markers (M). 3 shows the products from a plant infected by two SMV isolates. B The
presence and absence of restriction sites was used to construct a phylogram using PAUP. The
phylogram showed five clusters of isolates (vertical lines and numbers designate groups)

Phylogenetic analyses of the nucleotide sequences showed the same general
trends observed in the percent identities of the sequences. Analysis of the entire
CP sequences provided little separation of SMV isolates with only one clade with
greater than 70% bootstrap support (Fig. 2C). In contrast, trees constructed from
the P1 and HC/Pro regions clearly separated North American and Asian isolates
into two well supported clades (Fig. 2). In addition, both the P1 and HC/Pro
phylograms (Fig. 2A and B) illustrated the relatively small genetic diversity among
the North American SMV isolates compared to the larger amount of diversity
among Asian SMV isolates.

The ratios of rates of non-synonymous to synonymous substitutions (w) are
indicative of the types and intensities of selection pressures exerted on
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Fig.2. Phylograms of the nucleotide sequences of the P1 (A), HC/Pro (B), and CP (C) regions

of SMYV isolates from North America and Asia. The horizontal bar indicates 0.1 nucleotide

changes. Bootstrap values greater than 70% based on 1000 replicates are indicated at the

corresponding branch points. Branches with bootstrap values less than or equal to 70% were
collapsed to polytomies

protein-coding regions. Values of w greater than 1.0 indicate positive selection;
equal to 1.0 neutral selection; and less than 1.0 purifying selection [29]. The
average rates of synonymous substitutions were very similar in the three ge-
nomic regions analyzed: 0.31, for P1 and 0.28 for HC/Pro and CP. In contrast,
o values differed significantly for each coding region. The average value of w
for the P1, HC/Pro and CP regions were 0.189, 0.027, and 0.012, respectively.
The values of w differed within each of the three proteins (Fig. 3). Within P1,
the region corresponding to the conserved serine protease domain [51] (amino
acids 240-260) was subject to a high level of purifying selection even though
the neighboring regions appeared to be under strong positive selection. With
the exception of a region surrounding amino acid 100, all of the HC/Pro had
o values significantly less than 1.0. The first 110 amino acids comprised the
cysteine rich region that included the KLSC motif. This region has been shown
to be required for aphid transmission, but dispensable for replication and move-
ment of TEV [12, 13]. Of the three regions, the CP was subject to the most
intense purifying selection along its length. The amino and carboxyl terminal
regions, which corresponded to exposed beta sheet and terminal alpha helical
regions of the PVA CP [2], had significantly higher w values than the inter-
nal regions of the protein. The w values for the P1 (0.22 and 0.19) and CP
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Fig. 3. Plots of ratios of nonsynonymous to synonymous nucleotide substitutions (dN/dS)

per in codons of P1, HC/Pro and CP coding sequences. Ratios were calculated using an 18-

nt sliding window. The 18 P1 sequences contained 291 codons; the 14 HC/Pro sequences
contained 445 codons; and the 31 CP sequences contained 263 codons

(0.009 and 0.011) regions of North American and Asian isolates (respectively)
were similar within each region. The complete HC/Pro coding sequence was
determined for only three Asian isolates (compared to 11 North American iso-
lates) which did not permit a comparison of the selection pressures with in this
region.

Sequences associated with transmission of SMV by Aphis glycines

The aphid transmissibility of 14 SMV isolates was evaluated using A. glycines as a
vector. Of the eight laboratory isolates analyzed, only one, G3, was transmitted by
A. glycines in only one of the three transmission tests, but to only one of ten plants
(Table 2). In contrast, all six of the field isolates examined were transmitted in all
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Table 2. Transmission of SMV isolates by Aphis Glycines

SMV Strain  Test 1 Test2 Test3 CP HC/Pro
DAG KLSC PTK aa subs?

Gl 0/10 0/10 0/10 edmDADkd vkKLSCkq  ksPTKrh 1

G2 0/10 0/10 0/10 edmDAXPkd vkKLSCkq ksPTKrh 0
G3 0/10 0/10 1/10 edmDAGkd vkKLSCkq  ksPTKrh 2
G5 0/9 0/10 0/10 edmDADkd vkKLSCkq  ksPTKrh 5
G6 0/10 0/10 0/10 edmDAGkd vkKLSCkq  ksPTKrh 4
G7 0/10 0/10 0/10 edmGADkd vkKLSCkq rsPTKrh 6
G7a 0/10 0/10 0/10 edmDADkd vkKKLTCkq ksPTKrh 1
G7F 0/9 0/10 0/10 edmGADkd vkKLSCkq  ksPTKrh 5
413 9/10 8/10 3/10 edmDAGkd vkKLSCkq  ksPTKrh NAd
452 7/10 6/10 4/10 edmDAGkd vkKLSCkq  ksPTKrh NA
746 4/10 2/10 3/10 edmDAGkd vkKLSCkq  ksPTKrh NA
770 ND ND ND edmDAGkd vkKLSCkq  ksPTKrh  NA
1071 7/10 8/10 6/10 edmDAGkd vkKLSCkq  ksPTKrh  NA
1083 6/10 10/10  7/10 edmDAGkd®  vkKLSCkq ksPTKrh NA

4Number of amino acid substitutions not present in at least one of the transmissible isolates

bA unique nucleotide sequence could not be obtained from this isolate at this position. Both DAG
and DAD triplets were predicted from sequence

“Not determined

4Not applicable

CAll other seed-borne and field isolates had amino acid sequences identical to those of the
efficiently transmitted isolates listed

three transmission tests with efficiencies ranging from 20 to 100%. The predicted
amino acid sequence motifs of HP/Pro and CP that have been associated with
aphid transmission of other potyviruses [46], i.e., KLSC (amino acids 53-56;
KITC in many other potyviruses) and PTK (amino acids 309-310) in HC/Pro
and DAG (amino acids 10-12) in CP, were conserved and identical in all field
isolates (Table 2). With the exception of a D to V amino acid substitution in
SMV-GT7 at position 101, all amino acid sequence changes in the CP sequences
were within the first 27 amino acids, which included the conserved DAG motif.
Laboratory isolates G1, G2, G5, G7, and G7F had mutations in the DAG motif.
Isolate G7a had mutations in both the DAG and KLSC motifs. In addition to
the aphid nontransmissible strain SMV N, which was previously shown to lack a
DAG triplet [15], three other previously reported SMV CP sequences, two from
China (X63771 and U25673) and one from Japan (D88616), also lacked DAG
motifs.

The HC/Pro PTK motif was conserved in all of the sequences analyzed. Isolates
G3 and G6 retained all three conserved motifs, but were transmitted poorly. Neither
G3 nor G6 had amino acid substitutions in the CP that differentiated them from
the field isolates. Both G3 and G6 had amino acid substitutions outside of the
conserved HC/Pro motifs that were not present in the sequences of any of the
efficiently transmitted isolates (Table 2). The predicted amino acid sequence of
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SMV G3 HC/Pro had substitutions of A to T and F to L at positions 110 and
206, respectively. The predicted amino acid sequence of SMV G6 HC/Pro had
substitutions of N to K, Pto S, T to P, and R to Q at amino acid positions 34, 241,
271, and 374, respectively.

Discussion

In this study, we examined the variability in nucleotide sequence and aphid
transmissibility of North American and Asian SMV isolates. Because of the
number of viruses analyzed and the potential difficulty of correlating symptom
severity with specific nucleotide sequence variation, no attempt was made to
associate sequences with disease phenotypes. For example, symptom phenotypes
of Tobacco mosaic virus [30] and Cucumber mosaic virus [57] are dramatically
altered by single amino acid substitutions, which indicate that symptoms are not
always a reliable indicator of genetic relatedness. Still, information about the
severity of the symptoms produced by virus strains on a range of hosts is valuable
for defining their potential agronomic impact.

As has been reported for other species within the family Potyviridae, neither
RFLP nor nucleotide sequence analyses of RT-PCR amplified CP-coding regions
provided good indications of the genetic relatedness of the SMV isolates exam-
ined. However, RFLP analysis did identify mixed isolates, which could not be
detected using the differential set of soybean indicator lines. In contrast, analysis
of sequences from P1 and HC/Pro-coding regions clearly showed differences in
the genetic variability of North American and Asian SMV isolates. Similar levels
of variability in P1 regions have been noted for several other members of the family
Potyviridae including, Lettuce mosaic virus [50], Maize dwarf mosaic virus [31],
Papaya ringspot virus [63], Potato virus A (PVA) [27], Potato virus Y (PVY) [60],
Sweet potato feathery mottle virus [52], Yam mosaic virus [1, 16], and Zucchini
yellow mosaic virus [34]. Even though several activities have been associated with
the P1 protein (e.g., RNA binding and protease), its role in the virus replication
cycle remains to be established. The higher levels of variability tolerated in
the P1 compared to the CP-coding regions suggests either that there are fewer
structural constraints on the protein or that it interacts with a varying set of host
factors.

The North American SMV isolates analyzed in this study were much less vari-
able than those from Asia, where cultivated soybeans originated [22]. Similarly,
Xu et al. [67] reported that Chinese SMV isolates showed greater diversity in
symptom and disease severity than North American isolates. The difference in
diversity between the two groups of isolates is likely related to differences in the
balance between purifying and positive selection pressures in the two environ-
ments and founder effects that resulted from the introduction of relatively few
SMYV variants into North America. Similar founder effects have been studied in
great detail in Human immunodeficiency virus [39] and cited as the probable cause
of low diversity in other plant virus populations [54]. However, since soybeans
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were first introduced into the U.S. in 1789 [23], there have been several impor-
tations of soybean germplasm that could have brought additional SMV diversity.
The high error rate of replication of viral RNAs [14] and the widespread cultivation
of soybeans in North America would seem to have provided opportunities for se-
quence diversity to accumulate. Hall et al. [17] estimated that Wheat streak mosaic
virus (WSMYV), another member of the family Potyviridae, accumulates muta-
tions at a rate of about 0.36 nt changes/genome/passage. In an analysis of the
diversity of North American WSMYV isolates, Stenger et al. [58] calculated that the
current level of diversity present in WSMYV in North America (up to 21%) could
be explained by the 100 year history of wheat monoculture in North America.
Soybean has a much shorter history of widespread cultivation in North America,
which may explain its lower (less than 10%) variability in the CP region.

Analysis of the mutation rates of viruses in different hosts has shown that
the size of the quasispecies clouds for plant viruses can be host dependent [55].
Hence, the availability and diversity of primary and alternative hosts may influence
the variability of North American SMVs. In North America, the principle host
of SMV is cultivated soybean, which have much lower genetic diversity than
soybeans grown in Asia [35]. In addition, Asia is home to G. soja, the progenitor
of cultivated soybean, which is a host to SMV, widely distributed throughout Asia,
and much more diverse than cultivated soybean [40, 66]. Even so, the impact of
host diversity on the diversity of potyvirus genomes has not been established. For
example, Moury et al. [42] did not detect an effect of host range on the diversity
of CP-coding regions of seven other members of the family Potyviridae.

Even though the rates of synonymous nucleotide substitutions were very
similar in the three regions of the SMV genome analyzed, the ratios of the rates
of nonsynonymous to synonymous substitutions indicated that there was much
stronger purifying selection in the CP-encoding region than in the other two
genomic regions. Hence, vector transmission and the requirement to assemble
stable virions impose intense purifying selection pressures on CP sequences. The
effects of the selection of aphid transmissibility are illustrated by the data presented
in Table 2, which showed that the North American field and more variable Asian
seedborne SMYV isolates had identical sequences in regions surrounding the amino
acid motifs associated with aphid transmission. In contrast, the less divergent
North American laboratory isolates that had been transmitted mechanically con-
tained mutations in the DAG and KLSC motifs. In a similar study of 13 PVA
isolates, Rajamiki et al. [49] identified five PVA isolates that were not transmitted
by Myzus percicae all of which had mutations in the DAG motif. Unlike the SMV
isolates analyzed here, the PVY HC/Pro region had the lowest w value of the
P1, HC/Pro and CP regions. The w value reported for the PVY P1 region (0.23)
[42] was very similar to that for SMV isolates (0.19), but w for the PVY CP
was much higher (0.162) than that SMV CP (0.012) possibly indicating that the
CPs of the two viruses are subject to different intensities of purifying selection
pressure.

Vertical transmission through seed imposes a different set of selection pres-
sures than transmission by aphids. Viruses transmitted through seed are dependent
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upon infected hosts to produce viable offspring, which gives viruses with low or
moderate virulence a selective advantage [5]. While aphid transmission selects
viruses that have retained tertiary structures within HC/Pro and CP that are re-
quired for aphid transmissibility [47], it also facilitates the survival and dispersal
of more diverse and potentially more severe virus isolates. As A. glycines extends
its range in North America, the incidence and potentially virulence of horizon-
tally transmitted SMV isolates could increase. In conclusion, the differences in
diversity of North American and Asian isolates likely results from the interplay
between many factors, including cultural practices, founder effects, prevalence of
alternative hosts, and modes of transmission.
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